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Abstract 
An extensive experimental investigation on zirconia ceramic specimens with different porosity was carried out to evaluate the
influence of porosity on fractoluminescence pulse distribution and energy dissipation. Experiments were carried out using Split 
Hopkinson Pressure Bar (SPHB) setup with strain rate from 400 to 3000s-1. Porosity of the specimens was varied from 10% to 
60% volume fraction. Energy dissipation was calculated from the SPHB data. Fractoluminescence was detected by a fast Photo 
Multiplier Tubes (PMT).  Analysis of the fragment size distribution shows that it can be approximated by power law where 
power (slope in log-log coordinates) depends on the porosity. Fractoluminescence consists of pulses with sharp front and 
exponential decay with different amplitudes. Pulses were recorded even 1ms after the loading pulse, which is order of magnitude 
higher than load pulse duration. Intervals between subsequent pulses (or the rate of the pulses as in the Omori law) was 
measured. It was found, that interval complementary cumulative distribution is bimodal power law distribution. Knee position 
depends on the porosity of the specimen  
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1. Experiment 
1.1 Samples  
Material under investigation is porous ZrO2 ceramics made from plasma-sprayed powder. Material was provided 
by Institute of strength physics and material science SB RAS. Chemical composition is 97mol. % Zr02 and  3mol.% 
Y2O3. Zirconia powder before sintering consists of spherical particles with average size 1,5μm and their 
agglomerates. Cylindrical shaped specimens was produced by pressing of powder to obtain desired porosity then 
sintered at 16500C for 1 hour. Porosity is decreasing due to the sintering from 60% to 30%. The microstructure of 
the sintered ceramics is represented as a system of cell and rod structure elements Kalatur  (2013). Macrostructure of 
the specimen after sintering is presented on Fig 1. 
 
 
Fig. 1. Crossection of the sintered specimen with 60% porosity before sintering obtained by X-ray tomography. 
Quasistatic stress-strain diagram provided by supplier of the ceramics is presented on Fig.2. Quasistatical 
mechanical properties and details of material preparation are presented in [Kalatur  (2013), Konovalenko (2009), 
Smolin (2006)]. 
 
 
Fig. 2 Quasistatic compression diagram of ceramics with 50% porosity by Kalatur  (2013) 
Due to non-homogeneous shrinkage during sintering the shape of the as-received specimen was not suitable for 
Split-Hopkinson Bar testing. At the first step all specimens was machined using hollow diamond tool in order to 
provide cylindrical shape with equal diameter. Diameter of the specimens was 13mm. In the next step specimens 
was glued into holes drilled in a steel plate. The steel plate with the specimens was grinded by SiC grinding wheel 
from the both sides then diamond polished in order to obtain flat parallel surfaces. Height of the specimens after 
polishing was 12mm. 
1.2 Experimental setup 
Experimental setup is based on conventional Split-Hopkinson Pressure Bar (SHPB). Bars were made of high-
strength steel with yield strength 1900GPa. Diameter of the bars is 25mm. Incident bar was 3m long and transmitter 
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bar was 1m long, which provide us single pulse loading. Impedance matched tungsten carbide plates were placed 
between specimen and bars to avoid bars indentation because hardness of the bars was lower than the microhardness 
of the specimens under investigation (Fig 3).  
 
 
Fig. 3. Experimental setup. 
Bars orientation was fine-tuned before each experiment in order to maximize area of contact between specimen 
and plates In order to reduce dispersion effect and provide close to equilibrium loading conditions pulse shaper was 
used. Shaper was square shaped 7 by 7mm plate made of brass 1,4mm thick. Load pulse shape is shown on the Fig. 
4 
 
 
Fig. 4 Incident pulse. 
Strain rate was varied from 400 to 3000 s-1 by changing velocity of the impactor. 
Fractoluminescence was detected by two Photomultiplier Tubes (PMT). PMTs was placed on the tubular plastic 
cover with 50 mm diameter. In order to protect PMT from debris a 0.5 mm polycarbonate film was placed between 
windows in the cover and PMT. This cover was also used for collection of fragments after the test for fragmentation 
statistics investigation. Signal from the PMT was recorded by Tektronix DPO7254 oscilloscope at 1 GHz sampling 
rate. 
2. Results and discussion 
Typical experimental data for strain rate above 1700s-1 is presented in Fig. 5 for specimen with 60% porosity 
before sintering. Two stages can be distinguished: First stage represents loading and failure of the specimen. Second 
stage begins at strain 0.035 and represents failure of partially damaged specimen. One can observe linear loading 
part with effective modulus around 10% of intact specimen modulus. Residual strength is about 38%. Second stage 
can be observed only for high porosity specimen. We do not observe this for specimens with 20% porosity before 
sintering. Energy absorption properties of the ceramics were also measured. Absorbed energy was calculated as area 
below stress-strain curve. 
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Fig. 5. Stress-strain diagram and strain rate for test #5 
Another interesting observation is that the specific absorbed energy (absorbed energy per mass unit) is redistributed 
between stages. The second stage becomes more important with strain rate increase (Fig. 6). 
 
 
Fig. 6 Specific absorbed energy. 
Table 1. Experimental data for specimens with 60% initial porosity. 
Specimen 
# 
Mass
, g 
Strain 
rate, s-1 
Strength, 
MPa 
Absorbed 
energy full, J 
Absorbed energy 
1st stage, J 
Absorbed energy 
2nd stage, J 
1 6.5 1745 562 17.4 15.13 2.24 
3 6 1071 436 11.23 9.34 1.9 
4 6.3 404 713 9.56 9.56 0 
5 5.9 2638 521 16.06 13.15 2.91 
6 5.9 3000 463 16.74 11.49 5.25 
       
 
Comparison of the fractoluminescence registered by PMT and stress history shows us that the fractoluminescence 
begins with failure of the specimen. Linear rising part of the second stage of failure is accompanied with high level 
of fractoluminescence. Another important observation is that the fractoluminescence continues for a long time after 
load pulse (Fig. 7). The same effect we have observed for quartz rods. This “delayed” fractoluminescence appears 
only if the second stage is observed. We also have observed “delayed” fractoluminescence for low porosity 
specimens when 1st and 2nd stages are undistinguishable. Existing of the “delayed” fractolumescence means that the 
fracture process does not finishes with release of the specimen. We suppose that it is due to the defect ensemble 
evolution and the energy source for this are residual stresses. At the delayed stage, it was possible to distinguish 
single events of fracture. Statistics of time intervals between events was investigated in the same way as in 
Davydova, Uvarov (2013).  
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Fig. 7 Stress (blue) and PMT signal (red) versus time. Left image is a magnified part of the right.  
Complementary cumulative distribution function (often used in fragmentation statistics, Astrom (2004)) of time 
intervals and fragment sizes (Fig. 8) can be fitted by power function (appears as straight line in log-log coordinates). 
Power fit exponent found to be dependent on absorbed energy (Fig. 9). 
 
 
Fig. 8 Complementary cumulative probability density function of time intervals (a) and fragment size (b) in log/log coordinates for test #5. 
 
 
Fig. 9 Power law exponent vs absorbed energy 
The fact that the fragment size distribution exhibits power laws supports the suggestion of Grady (2010) that for 
brittle materials the fragment size distribution is described by the by the power function. This can be related to the 
critical behavior of the ensemble of microdefects  [Naimark (1994), Naimark (2000)]. Criticality appears to be self-
organised [Oddershede (1993)], because damaged ceramics exhibits this behavior in a wide range of loading 
conditions. 
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